Excessive subconjunctival scarring is the main reason of failure of glaucoma filtration surgery. We analyzed conjunctival and systemic gene expression patterns after non penetrating deep sclerectomy (NPDS). To find expression patterns related to surgical failure and their correlation with the clinical outcomes. This study consisted of two consecutive stages. The first was a prospective analysis of wound-healing gene expression profile of six patients after NPDS. Conjunctival samples and peripheral blood samples were collected before and 15, 90,180, and 360 days after surgery. In the second stage, we conducted a retrospective analysis correlating the late conjunctival gene expression and the outcome of the NPDS for 11 patients. We developed a RT-qPCR Array for 88 key genes associated to wound healing. RT-qPCR Array analysis of conjunctiva samples showed statistically significant differences in 29/88 genes in the early stages after surgery, 20/88 genes between 90 and 180 days after surgery, and only 2/88 genes one year after surgery. In the blood samples, the most important changes occurred in 12/88 genes in the first 15 days after surgery. Correspondence analyses (COA) revealed significant differences between the expression of 20/88 genes in patients with surgical success and failure one year after surgery. Different expression patterns of mediators of the bleb wound healing were identified. Examination of such patterns might be used in surgery prognosis. RT-qPCR Array provides a powerful tool for investigation of differential gene expression wound healing after glaucoma surgery.
Introduction
Glaucoma is characterized by progressive deterioration of retinal nerve fiber layer and optic nerve, leading to defects in the visual field and optic atrophy. In most cases, the condition is associated with increased intraocular pressure (IOP) caused by obstruction of drainage of aqueous humor from the eye. Currently, the main treatment for glaucoma is reduction of IOP using drugs and laser or filtration surgery.
Glaucoma Filtering Surgery (GFS) success depends primarily on the creation and maintenance of a communication channel between the anterior chamber and subconjunctival space.
The conjunctival and episcleral healing is the main limiting factor in this surgery; postoperative IOP depends on the balance between scarring and tissue regeneration [1] . Thus, complete healing would cause failure of filtration surgery. In contrast, lack of healing would result in ocular hypotony.
Numerous pharmacological strategies have been employed to modulate conjunctival scarring. These include corticosteroids [2] , antimitotics (5-fluorouracil, 5-FU and mitomycin C, MMC) [3] [4] [5] , beta-radiation [6, 7] , inhibitors of growth factors (lederlimumab, bevacizumab) [8, 9] , and metalloproteinase inhibitors (ilomastat) [10] . However, some of these drugs are relatively nonspecific and lead to complications such as hypotony, endophthalmitis, etc.
Healing after glaucoma surgery consists of several stages: vascular response, coagulation, inflammation, proliferation and tissue remodeling [11] . Knowledge of the molecular mechanisms regulating this process should help in the development of new treatments for improved healing control. Likewise, categorization of patients based on gene expression profiles of the conjunctiva and Tenon's capsule could help on identifying cases with high risk of failure, and thus improve the therapeutic options.
Reverse Transcription Real-Time Quantitative PCR Array (RT-qPCR Array) is the most reliable, specific and sensitive technology for analyzing the expression of a specific panel of genes. We present a customized RT-qPCR Array, used to analyze the expression of 88 genes implicated in the wound-healing process. These genes encode extracellular matrix (ECM) remodeling factors, inflammatory cytokines, as well as growth factors and main signaling molecules.
The purpose of this study was to investigate the conjunctival and systemic gene expression patterns at several different time points before and after non penetrating deep sclerctomy (NPDS), to correlate them with the clinical outcomes of the surgery, and to search for gene expression patterns related to surgical success and failure.
Materials and methods

Patients
The study used 11 eyes from 11 caucasian patients (four men and seven women, with a mean age ± standard deviation, SD of 67.16 ± 5.94 years) with uncontrolled primary openangle glaucoma (POAG). The mean number (± SD) of preoperative topical anti-glaucoma drugs was 2.16 ± 0.75. Uncontrolled glaucoma was defined as an IOP over 21 mmHg after taking the maximum tolerated medication, with characteristic visual field and optic disc changes. Patients were recruited from the Glaucoma Unit of the Instituto Clínico Quirúr-gico de Oftalmología (Bilbao, Spain), and Mendaro Hospital (Mendaro, Spain), after obtaining their signed informed consent.
The exclusion criteria were: concomitant administration of steroids or antimetabolites, previous anti-glaucoma surgery or conjunctival incisional surgery, cataract surgery during the three months before NPDS, diabetic retinopathy and other causes of ocular neovascularization. We also excluded cases of glaucoma with high risk of failure such as neovascular, aphakic, inflammatory, juvenile, traumatic, and postoperative glaucoma.
Ethics statement
The study followed the principles established in the Declaration of Helsinki and was approved by the Euskadi Review Board (ethics committee for clinical research) of Cruces Hospital. Written informed consent was obtained from all the study participants and all samples were anonymized to preserve patient confidentiality.
Study design
The work was divided into two consecutive studies. In the first study, we performed a prospective analysis of the wound-healing gene expression profiles of six patients after NPDS. Conjunctival samples (obtained by impression cytology, IC) and peripheral blood samples were collected before the operation and 15, 90,180, and 360 days after surgery. We examined gene expression patterns at these time points. In the second study, we conducted a retrospective analysis correlating the late conjunctival gene expression (a year or more after the intervention), and the success or failure of the NPDS. From each patient, a single conjunctival sample was collected using IC. (Fig 1) Surgical technique and follow-up NPDS was performed under topical anesthesia by the same surgeon (IRA). After excision of the deep scleral flap, a non-degradable HEMA implant (Esnoper, AJL Ophthalmic, Miñano, Á lava, Spain) was sutured to the scleral bed with one 10-0 nylon suture. No antimetabolites were employed during the surgical procedure or in the follow-up. All patients received tobramycin and dexamethasone drops during one month after the surgery, in a decreasing pattern (Tobradex, AlconCusi, El Masnou, Barcelona, Spain). Follow-up consisted of biomicroscopic examination of anterior segment, checking bleb characteristics (morphology and presence of corkscrew vessels and epithelial microcysts), and IOP using Goldmann applanation tonometry.
Sample collection
For IC, cellulose acetate membrane (HAWP304, Millipore, Bedford, MA, USA) was applied onto the upper bulbar conjunctiva after instillation of topical anesthetic (Colircusi anestésico doble, Alcon Cusi, El Masnou, Barcelona, Spain). IC samples were used to study preoperative ocular surface (PAS-hematoxylin staining) and for RNA purification to analyze gene expression profiles before and after surgery.
IC samples for PAS-hematoxylin staining were obtained on 5×5 mm strips of cellulose acetate and immediately fixed in 96% ethanol. IC samples for gene expression analysis were obtained from the upper bulbar conjunctiva at the surgical site, by applying both sides of an 8 mm-diameter disc. These discs were immediately placed in an RNA conserving buffer (RNAprotect Cell Reagent, Qiagen, Germantown, MD, USA) and stored at 4˚C until use.
At the same time, peripheral blood samples were collected with standard methods using PAX gene blood collection tubes (Qiagen) for RNA stabilization.
PAS-hematoxylin staining
PAS-hematoxylin staining was performed according to the Locquin and Langeron protocol modified by Rivas [12] . These samples were analyzed microscopically to establish the degree of metaplasia of the non-secreting cells, the presence of cytoplasmic or nuclear alterations, and cytoplasm-nucleus ratio.
RT-qPCR array design
The search for genes related to the healing process was conducted in three stages. In the first stage, a subset of genes was selected through a literature review (PubMed). In the second stage, another subset of genes was obtained from the bioinformatic analysis of functional networks focused on wound healing and related scarring processes (http://geneontology.org/, DAVID, EGAN). In the third stage, 88 genes were selected after processing both subsets and discarding redundancies. Subsequently, a custom 96-well plate RT-qPCR Array containing the 88 selected genes was designed and produced specifically for this study (SA Biosciences, Frederick, MD, USA) ( Table 1 ). The remaining wells corresponded to the five housekeeping genes, a negative genomic DNA control, and positive reverse transcription and PCR controls.
RNA purification and RT-qPCR array processing
Total RNA was isolated from blood and conjunctiva. Whole peripheral blood was collected in PAXgene tubes (PreAnalytics) to grant RNA stabilization. After centrifugation, the supernatant was discarded and the pellet was treated with a series of buffers and silica-column purified following the manufacturer's instructions (PAXgene Blood RNA kit, PreAnalytics, Qiagen). Thus, total blood RNA was purified for the study.
Conjunctival IC discs were processed with RNeasy Plus Micro Kit (Qiagen), with slight modifications of the manufacturer's protocol to perform an on-membrane lysis [13] . These modifications include a thorough vortexing during cell lysis to ensure maximum RNA recovery from both sides of the disc. Additionally, after transferring the cell lysate to the spin columns provided with the kit, the IC membrane alone was spun again to recover as much lysate as possible before this processing. Finally, after having added the elution buffer to the column, 10 minutes incubation was performed prior to RNA elution. After elution, the eluate loaded again into the column, allowing incubation for additional 10 minutes to maximize RNA concentration. These steps considerably increased RNA yield.
The quantification and evaluation of RNA quality were performed using an Agilent 2100 Bioanalyzer and RNA 6000 Pico Kit for low sample amounts (Agilent Technologies, Santa Clara, CA, USA). This method provides data on the integrity of isolated RNA (RNA Integrity Number; RIN), from which it extrapolates the RNA concentration. Conjunctiva and blood samples with RNA concentrations above 4 and 25 ng/μl, respectively, were processed; those with RIN less than 6 were discarded in both cases. cDNA was synthesized by reverse transcription of RNA using the RT 2 First Strand Kit (SA Biosciences), following the manufacturer's instructions. PCR was performed in iQ5 Thermal Cycler (Bio-Rad, Munich, Germany), using diluted cDNA as template (10 μl of cDNA, 10 μl of Genomic DNA Elimination Mixture and 91 μl of RNAse free water) and the RT2 SYBR Green qPCR Master Mix (SA Biosciences), according to the manufacturer's guidelines. All samples were analyzed in duplicate for each gene set.
Generation of expression values
Quantification results were normalized against housekeeping genes (ACTB, GAPDH, HPRT1, B2M and RPL13A), whose expression is constitutive under our experimental conditions. To do that, we normalized the primary data, represented in threshold cycle (Ct), using the geometric mean of the Cts of the constitutive genes included in each plate. Then expression changes were calculated using the ΔCt method, followed by the calculation of up or down regulation fold.
Statistical analysis
According to the small sample size, nonparametric tests were used for statistical comparisons. The Wilcoxon test was used to compare both types of samples (blood and conjunctiva) with their baseline levels. Correlation between gene expression and IOP was examined using Spearman's correlation test. Gene expression patterns related to surgical success and failure were identified using Correspondence Analysis (COA). Statistical analysis was performed using SPSS 19.0 (SPSS Sciences, Chicago, IL, USA). The level of statistical significance was P <0.05.
Results
None of the patients had intraoperative or postoperative complications. Regarding to the existence of systemic diseases, two patients were hypertensive patients treated with angiotensinconverting-enzyme inhibitors (ACE inhibitors), one patient suffered hypothyroidism treated by hormone replacement therapy and two patients were taking gastric protector. Finally, one patient was non-insulin dependent diabetic and was being treated with oral antidiabetic drugs. IOP values decreased significantly in comparison with baseline values, without specifying pharmacological treatment in any of the cases (Fig 2) . Surgery failed in one case, one year after the NPDS (patient 3 IOP: 22 mmHg), requiring reintroduction of drug therapy.
Bleb morphology was predominantly diffuse (100% of patients after 15 days, decreasing to 60% of cases after one year). The remaining cases had flat blebs, except for patient 3 who presented a cystic bleb 180 days after the intervention. Corkscrew vessels were detected throughout the study, reaching its maximum 30 days after surgery (83% of patients) (Fig 3) . In all cases, epithelial microcysts were found during the first 30 days after surgery, which later disappeared.
PAS-hematoxylin staining of the conjunctiva
All patients included in the study had grade-0 squamous metaplasia in the preoperative conjunctiva (Fig 4) . The epithelial cells were small and round, with eosinophilic cytoplasm. The nuclei were large, basophilic, with a nucleo-cytoplasmic ratio of 1:2. Goblet cells were abundant, plump, and oval and had an intensely PAS-positive cytoplasm. No deterioration of the ocular surface due to drug treatment was observed before the operation.
Gene expression analyses
In the first study, where we compared conjunctival gene expression with baseline expression at each time point (prospective study) (S1 Table) , we observed statistically significant changes for 29 of the 88 genes studied (Table 2 ). In the postoperative phase (15 days), were detected the most significant changes in gene expression (upregulation of CDKN1A and CDKN2A, IL8, TGFA, and VEGFA genes) were detected. In the second phase (90 days), we found expression changes in 20 genes (all of these were downregulated with the exception of TGFA). After one year, only two genes showed expression changes (downregulation of TGFB1 and ITGB3).
The analysis of gene expression changes in peripheral blood, relative to baseline (S2 Table) , showed expression changes of 12 genes among the 88 genes studied (Table 3) .
These changes were more pronounced in the first 15 days (upregulation of IL1B, CEBPD, HIF1A, ITGB2, TNFRSF1A and CASP1). The remaining expression changes happened between 90, and 180 days after surgery. One year after the intervention (as in the conjunctiva), the baseline expression levels of most genes were restored, with the exception of HIF1A, EREG and IL1B. 
Clustering gene expression patterns related to surgical success and failure
Correspondence Analysis (COA) of gene expression of conjunctival samples in study 2 showed a clear clustering of patients with surgical success and failure (Fig 5) . The statistical analysis revealed 20 genes whose expression differed significantly between these two groups (Table 5) . From this analysis a clear over expression of VEGFA gene was related with failure of surgery whereas a notable decrease in IFNB1 gene was also related.
Discussion
Despite the downward trend in glaucoma surgery since the nineteen-nineties [14] , it is still a procedure with major advantages; it is inexpensive [15] and allows an IOP reduction more drastic [16] and less fluctuating than pharmacological treatment [17] . Although the most Array for glaucoma filtering surgery prognosis Array for glaucoma filtering surgery prognosis common glaucoma surgical technique worldwide is the trabeculectomy, some alternative interventions have been proposed to reduce the IOP. The NPDS could be considered as a variation of the trabeculectomy which does not require iridectomy and allows the aqueous humor to drain gradually, reducing IOP in a less abrupt manner. Long-term results seem to be not worse than those of trabeculectomy [18] . However, subconjunctival and episcleral scarring remain the main impediment to the long-term success of any filtering surgery [19] , irrespective of whether it is perforating or non-perforating procedure [20] . Analysis of biochemical mechanisms involved in wound healing and failure of filtering surgery requires sampling of the conjunctiva and Tenon's capsule. IC allows the collection of cells from the conjunctiva in a nearly painless and non-invasive way, for the purpose of analyses (cytology, flow cytometry, PCR. . .) and diagnosis. There are other different methods to obtain conjunctival cells such as brushing or biopsy, however these techniques are more invasive than IC and are not indicated in studies requiring repeated conjunctival sampling. Although collecting conjunctival cells from IC is technically challenging, the IC has been standardized and widely used in many studies for years [21] [22] [23] [24] [25] [26] [27] . Recently, Lopez-Miguel A et al., have published a paper which shows that the impression cytology is a robust and reproducible technique to obtain acceptable quantities of RNA [21] . In their work they conclude that there are no statistical differences between two methods employed for obtaining the sample: the conventional IC and the EyePrim device (OPIA Technologies, Paris, France). Previous studies from our research group were used to optimize the storage and processing conditions of the conjunctival IC samples and to provide reliable amounts of medium-high RNA quality, adequate for gene expression analysis [13, 28, 29] . In summary, IC is the technique that assures us the highest reproducibility and lower discomfort for the patient.
It could be argued that, using our technique, we only analyze the conjunctival epithelium, neglecting deeper strata such as conjunctival stroma and Tenon's capsule, associated with surgical failure [1] . However, firstly given the close relationship between the conjunctiva and anterior Tenon's capsule [30] , the postoperative gene expression in these tissues should not differ substantially. Secondly, the low cellularity of Tenon's capsule makes it difficult to extract its genetic material; in practice, it is usually extracted together with the conjunctiva. Thirdly, the typical location of the fibrosis under the conjunctival flap border in the case of surgical bleb revision could indicate the contribution of the conjunctiva to the fibrosis in a sort of Array for glaucoma filtering surgery prognosis epithelial mesenchymal transition. Unfortunately, this fact has not been demonstrated yet in glaucoma surgery. Moreover, not only conjunctival cells but also inflammatory cells could contribute to the surgical failure. In this respect it is worth mentioning that some changes could be due to the effect of the topical antiglaucoma drugs in the ocular surface. In the current clinical practice, we mainly operate patients with uncontrolled IOP in spite of the maximum tolerated medication. So, although these changes could be different among patients, they are unavoidable and should not interfere in the study; at last, they are expected to cause the same gene expression variations throughout different patients and sample collections, which would not affect our differential expression study.
To obtain a homogenous set of samples, we only enrolled patients with POAG. We excluded patients with glaucoma with high risk of surgical failure and those using supplementary antimetabolites, to rule out interference in the healing process. Furthermore, although the patients had received multiple topical treatments, which have been previously associated with surgical failure [31] , they did not show significant changes in the ocular surface (as confirmed by the results of conjunctival impression cytology stained with PAS-hematoxylin).
In our knowledge, this is the first study in gene expression in humans after NPDS. Recently, Mahale A et al. have studied the fibrosis related gene expression after Ahmed glaucoma valve [32] . As in our study they have employed a fibrosis targeted PCR Array, however they have focused their study in a single-time point (median time about 25 months) which could be considered as a late capsule excision time.
Our results showed that, in the first stage, the main changes in conjunctival gene expression occurred on day 15 after the surgical trauma. In this phase, we observed three patterns of gene expression: upregulation (CDKN1A and CDKN2A genes, IL8, TGFA, and VEGFA), downregulation (IL18 and MYC) and no change (other genes included in the study). The upregulated genes encode factors favoring chemotaxis of inflammatory cells (IL8) [33, 34] , angiogenesis (VEGFA, IL8) [35] , and proliferation and migration of keratinocytes (IL8 and TGFA) [36, 37] , all of which are associated to processes typical of the first stage of wound healing [11] . Elevated expression of IL8 was found in three patients and could be explained as a typical chemokine response in the acute phase of healing [37] . There are some doubts about the role of CDKN genes, which slow down the cell cycle. However, the overall effect of these genes on the cell cycle also depends on their effectors, which were not analyzed in this work. A decrease in the expression of IL18 might be mediated by overexpression of TGFA, as it has been previously described [38] . It has been postulated that IL18 exerts its proinflammatory effect in early stages of healing and shows expression changes at this stage [38] . The downregulation of MYC would have pro-healing effect, given the inhibitory effect of this protein on the process of wound healing [39] .
In the intermediate phase of the healing process (90 days), we detected downregulation of some genes involved in crucial biological processes associated with healing. These genes have been implicated in the positive regulation of cell proliferation (HIF1A, EGFR, MYC, MLL2, and TFAP2A) [40, 41] , response to wound healing (CLU, CTGF, TGFB1, TGFB2, BCL2, PDGFA and MIF) [42] [43] [44] , fibroblast migration (TGFB1, TGFB2, TGFB3, MMP2 and CTGF) [45] [46] [47] [48] and angiogenesis (PDGF) [49] [50] [51] .
In the final stage of the first study, one year after the surgery, virtually no changes in conjunctival gene expression were observed and basal expression levels were recovered. Only TGFB1 and ITGB3, involved in the activation of healing showed a decrease in their expression [52] .
Gene expression analysis in blood samples found the most significant changes during the first 15 days after surgery. During this phase, genes associated with pro-inflammatory processes (CASP1, IL1B) [53] , pro-apoptotic genes (HIF1A and ITGB2) [54] and in addition, genes associated with anti-apoptotic or anti-inflammatory processes such as CEBPD [55] . During the next stages, expression changes were minimal; some cell migration-and inflammationrelated genes showed expression changes. It is clear that, despite detectable changes in overall gene expression, they are less pronounced in the blood and differ from those found in the conjunctiva. This finding, also reported by other authors [56] , reflects the primarily local nature of the healing process. Unfortunately, we could not perform paired comparisons of gene expression between blood and conjunctiva throughout the survey, due to the small number of adequate conjunctival RNA samples.
Regarding the analysis of the correlation between IOP and gene expression, we found that the most significant changes occurred in two genes expressed in conjunctiva (IL18 and TGFA). Whereas IL18 gene showed a positive correlation, TGFA gene showed a negative correlation with IOP. This data together with the gene expression analysis suggest that local factors play an important role in the surgical outcome.
In our second study, we decided to analyze only conjunctival samples from patients undergoing glaucoma filtering surgery once the wound healing process had concluded. At this time, the first group (designated "success") maintained IOP below 21 mmHg as a result of good filtration of aqueous humor. However, in the second group (called "failure"), the surgery had failed, thus being IOP levels over 21 mmHg. The comparison of gene expression levels performed using COA revealed on the one hand, a trend of association among patients with successful surgery and, on the other hand, among patients with failed surgery (Fig 5) . This indicates that the expression of genes related to wound healing in patients with failed surgery, differs from that of patients for whom the treatment succeeded. As in the first study, we showed that the expression levels one year after intervention were comparable with the basal levels. Ultimately this analysis could theoretically differentiate between success and failure. From the genes with different expression levels in success group in comparison with failure group, VEGFA was the furthest gene from the origin of the graph and the closest to the failure group, thus contributing significantly to the differentiation of the latter group (Fig 5) . This was consistent with the data shown in Table 5 , which showed 3-fold higher expression of this gene in the failure group than in the success group. In the latter group, genes that contributed most to the separation were IFNB1, IL1A, IL18, IL6, F2, COL3A1, NGF, MMP1, FTL1, PLG, MMP3 and CREBBP, whose decreased expression hindered the success of glaucoma surgery.
On the assumption that gene expression levels one year after the NPDS would not differ from the preoperative status, our analysis could provide a predictive classifying tool for forecasting the success or failure of glaucoma operation. Prediction of the risk of scarring based on individual gene expression profiles has a great potential in the development of personalized and stratified therapies to prevent ocular fibrosis. The combination of therapeutic targets in different biological pathways could offer a more effective treatment than conventional monotherapies. In addition, patient management before, during and after the intervention (use of antimitotics, dosage, etc.) could be substantially improved with the use of such tools.
To our knowledge, this study is the first in which expression of a broad spectrum of genes after NPDS in patients with POAG has been examined. This RT-qPCR Array analysis allows to determine not only the roles and mechanisms of various mediators of the conjunctival wound healing process, but also to identify the mediators implicated in the prognosis of the surgery.
However, there are limitations in our study. First, due to the low number of patients, our results should be interpreted with caution until further studies with larger sample sizes will be carried out. Second, a subsequent validation study performed at a protein level would be desirable in order to confirm the gene expression levels determined. Unfortunately, due to the small number of adequate conjunctival RNA samples, we could not perform this kind of study. Regardless of these limitations, our findings demonstrate clear alterations in fibrosis related gene pathways in NPDS and these preliminary findings could help form the basis for systematic future investigations.
In conclusion, this study identified an expression profile of genes related to inflammation, angiogenesis and cell proliferation, whose expression levels change after glaucoma filtering surgery. This type of analysis might become a valuable predictive tool for forecasting the success or failure of glaucoma surgery. 
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